Introduction
A Higgs-like boson around 125 GeV has been observed by both CMS [1] and ATLAS [2] collaborations at the LHC. The 5σ discovery reach has been obtained for the Higgs boson to γγ mode for both CMS and ATLAS. The Higgs boson, if it is Standard Model (SM) like, can decay to di-leptonic final states through W W * decay mode, which is of our interest in this paper. However, the significance in such a channel is still low: around 1.6σ for CMS [1] and 2.8σ for ATLAS [2] . The next question is, if such data will be able to provide information of the Higgs boson property, whether it is exactly of the SM or deviates from the SM. Non-standard Higgs structure arises in many extensions of the SM motivated by various theoretical reasoning and/or experimental requirements.
In the inverse seesaw mechanism [3, 4] explaining tiny neutrino mass, the seesaw sector couples to the SM sector with a Yukawa coupling of order-one and thus can lead to observable signatures at the LHC. A promising way to realize the inverse seesaw mechanism is to consider a gauged B − L symmetry which is broken spontaneously at TeV scale [5, 6] . In this case, the B − L Higgs boson can mix with the SM Higgs boson which can change the SM Higgs boson signature at the LHC. Although the current LHC data strongly restricts such a mixing, we will try to take a conservative limit to maximize the mixing effect. Then the Higgs sector of the inverse seesaw model contains two Higgs bosons, a light and heavy one denoted by h and H, respectively. As these states are mixtures of the doublet and singlet Higgs states, their production is governed by the usual gluon fusion process of the doublet state.
On the other hand, the Higgs bosons can decay to the left-and right-handed neutrinos (denoted by ν and Ψ, respectively):
h, H → νΨ, ΨΨ (1.1) or H → hh depending on their masses. Then, the right-handed neutrino allows the decay modes:
Ψ → lW, νZ (1.2) which can lead to hadronically quiet final states from the Higgs boson decay. 1 A careful observation shows that the lepton coming from the decay of the right-handed neutrino, Ψ could really be soft, depending on the mass difference between the right-handed neutrino and the W boson. We stress that, for some parameter points, this soft lepton could be already missed by ATLAS and CMS due to hard trigger level cuts for the leptons in the study of the Higgs boson to W W * [9] . Another remarkable feature of the inverse seesaw is the possibility of lepton flavour violation as Ψ can dominantly decay to a specific lepton flavour, which occurs generically with hierarchical neutrino Yukawa couplings.
In this paper, we analyze such non-standard Higgs signatures to discuss its discovery potential at the 8 and 14 TeV LHC.
The paper is organized as follows. In Section 2, we introduce the inverse seesaw model presenting the mass spectrum and the interaction vertices. The explicit form of all the interaction vertices of the model is shown in Appendix A. In Section 3, we discuss experimental constraints on the neutrino Yukawa coupling coming from the lepton universality as well as on the Higgs boson masses coming from the LEP and current LHC data. In Section 4, the benchmark points for our study are set up to calculate the branching ratios for the allowed decay model, and the final state phenomenology of each benchmark point is discussed.
In Section 5, we analyze the missing and lepton p T distributions and lepton multiplicity to suppress the standard di-boson background. Then, we discuss the discovery 1 For related studies, see the recent works [7, 8] .
potential of the signal events of two lepton (plus missing p T ) final states at the 8 and 14
TeV LHC. We conclude in Section 6.
Inverse seesaw model with U(1) B−L
A natural way to realize the inverse seesaw mechanism is to introduce a B − L gauge symmetry whose spontaneous breaking at the TeV scale generates a tiny B − L breaking Majorana mass for right-handed neutrinos. The "minimal" field content implementing this idea would be as follows:
where a pair of fermionic S 1 and S 2 is required to cancel the anomaly. The SM and B − L Higgs bosons are denoted by Φ and χ, respectively. The gauge invariance of the model allows the leptonic sector Lagrangian in terms of the Weyl fermions as follows:
where Φ c ≡ ǫΦ * and Λ is a cut-off scale. Note that the mass term S 1 S 2 can be suppressed by introducing, e.g., a discrete symmetry Z 2 under which S 2 is odd and the others are even.
After the symmetry breaking,
the neutrino sector can be written as
where
In the flavour basis {ν ′ , N, S 1 }, the 3 × 3 neutrino mass matrix of one generation takes the form:
From the diagonalization of this mass matrix, one can find the light neutrino mass
Considering the constraint on m D /M N , which will be discussed in the following section, one can obtain m ν ≈ 0.1 eV with the cut-off scale Λ ≈ 10 15 GeV.
For the consideration of collider phenomenology, one can simply take the limit of µ S = 0. In this case, the active neutrino becomes massless and the other two heavy (Weyl) neutrinos are degenerate to form a Dirac fermion. The mass basis is defined by the following 
After spontaneous breaking, the mass matrix is given by
where we use the stationary conditions:
The neutral component of χ and φ mixes as follows: 11) where h (H) is the light (heavy) Higgs boson. The mass eigenvalues and the mixing angle are given by
where v = 246 GeV. The most stringent bound on the value of the B−L symmetry breaking [10] . This tells us that v ′ > 12 TeV in our case. We set v ′ = 12 TeV for our analysis.
The interacting terms from the Higgs kinetic Lagrangian are given by 15) where i = (e, µ, τ ). and (U M N S ) ij is Maki-Nakagawa-Sakata matrix [11] . All the interaction terms relevant for our analysis are summarized in Appendix A.
Experimental constraints on y ν and the Higgs masses
The inverse seesaw model allows large neutrino Yukawa couplings y ν . The most stringent constraint on y ν comes from the electroweak precision data. From This tells us that (y ν ) i < c i M N /174GeV where c i is the value for each flavour given in Eq. (3.1). To be consistent with this bound, we will take
for i = e or µ for the collider study in the following sections.
The extra Higgs boson mass is constrained by the LEP and LHC data [13] as well as the current LHC data [2, 14] . In the inverse seesaw model, the Higgs production cross sections are suppressed by a factor of c 2 α and s 2 α for h and H, respectively. In addition, the decay branching fraction into SM particles is suppressed by a factor of 1 − Br(h/H → non-SM).
If there exists a Higgs boson lighter than the 125 GeV Higgs, it is more singlet-like and an upper bound on c 2 α is put by the LEP data [13] . For the Higgs boson mass of 50 GeV, we find c 2 α 0.05. For a Higgs boson heavier than 125 GeV, the current LHC data [2, 14] puts an upper bound on s 2 α as shown in Fig. 1 . For the 125 GeV Higgs boson, the overall signal strength measuring the deviation from the SM prediction is found to be 
Benchmark Points and final state phenomenology
In this article, we are focusing on the gluon fusion process leading to a light/heavy Higgs bo- Thus, for these two points, it is the heavier Higgs which stays in the discovery region of the LHC.
2. Light Higgs (h) in the LHC discovery region: Here we take m h = 125 GeV and choose the following combinations:
(m H , m Ψ , c α ) = (200/300 GeV, 100 GeV, 0.8).
Note that the LHC bound ( GeV. So, we made a generous choice of c α = 0.8 corresponding to s 2 α = 0.36.
Given the Higgs masses and (v, v ′ ) = (246, 12000) GeV, the four-point Higgs couplings
for each benchmark point in Table 1 can be found as follows: Table 1 : Benchmark points for common value of sin θ = 0.05.
2. BP2: Table 1 summarizes the benchmark points for our analysis. From Table 1 , we can see that BP1 and BP2 correspond to low mass of the light Higgs that is not excluded by LEP [13] and the heavier Higgs mass is in the discovery region of the LHC. BP3 and BP4 correspond to relatively heavier light Higgs m h = 125 GeV and heavy Higgses are 200 and 300 GeV, respectively.
In Table 2 Table 4 gives the decay branching fraction of Ψ for the four benchmark points. From the Table 4 , it is clear that the right-handed neutrino mostly decays to gauge bosons.
In Let us now we discuss the various final sates for further phenomenological studies of the benchmark points. We focus on the contribution of the right-handed neutrino from the decays of heavy and light Higgses depending on the benchmark points. The final states are then determined from the decays of the right-handed neutrino.
BP1 & BP2
These two benchmark points correspond to the case of m h = 50 GeV, forbidding the decay h → νΨ. The main decay modes of the lighter Higgs boson are h → bb and τ τ leading to the final states: 2-b-jets + no p T and 2-τ -jets + no p T . As the case with the usual Higgs search, it is very difficult to isolate the former signal from the QCD backgrounds.
On the other hand, the τ -jet analysis could be interesting. As the lighter Higgs is very light in our case, it leads to very soft jets and thus the τ -jet tagging efficiency goes down.
However, τ -jet tagging through one prong decay of τ can have better handle over the QCD background. Thus, a possibility of 2-τ -jets + no p T final state can still be important with a large accumulated luminosity.
The non-standard Higgs signature of our interest comes from the heavy Higgs which is SM-like with m H = 125 GeV. As can be seen from H → νΨ has a branching fraction ∼ 6% for BP1 and 3% for BP2. Then, the produced right-handed neutrino (Ψ) will decay to gauge bosons as we can read from Table 4 . This will lead to the prominent signal with respect to the backgrounds (see Fig. 5 ):
Hadronically quiet criteria along with two leptons kills the dangerous QCD and other hadronic backgrounds. The major SM hadronically quiet backgrounds come from the leptonic decays of W W , W Z and ZZ. Although there is a huge single vector boson production leading to two leptons; pp → γ * /Z → ℓ + ℓ − , this does not carry any missing energy and can be efficiently reducible, specially with the Z mass window cut as will be discussed later. Let us remark that, in the case of BP2 with cos α = 0.25, the heavy Higgs (H) decay branching fraction to light Higgs (h) pair is about 55%. This will generate a 4b final state with no p T . Plotting the invariant mass distribution of b-jet pairs, one could find a h peak although the signals would be challenged by the QCD background.
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BP3 & BP4
For both BP3 and BP4, the light Higgs boson (h) can decay to νΨ with branching fraction 7.3%. This leads to a hadronically quiet di-leptonic final state (4.1), which was the case with the heavy Higgs for BP1 and BP2. The hadronically quiet 2ℓ scenario thus a generic signature for all the benchmark points.
On the other hand, the heavy Higgs (H) decay branching fraction to νΨ drops to < 1%. In case of BP4, the heavy Higgs decay to ΨΨ opens up but with very small branching fraction ∼ 0.2%. Even with such small branching fractions, the ΨΨ and νΨ modes can still be probable due to the large production cross-section as in 
The 4ℓ final state in case of benchmark points 3 and 4 also comes from the heavier Higgs decay to gauge boson pair. This implies that for heavier Higgs scenarios, either through gauge boson pairs or through the right-handed neutrino pair, 2ℓ/4ℓ final states without any hadronic activity are generic ones. In the following section, we will focus on these hadronically quiet two lepton final states for a collider simulation as the four lepton states turn out to be less significant.
Results
In this section, we go through a PYTHIA level analysis before presenting the final state results. PYTHIA (version 6.4.22) [15] has been used for the purpose of event generation. The model is implemented in Calchep [16] and the corresponding mass spectrum and decay branching fractions are generated. These are then fed to PYTHIA by using the SLHA interface [17] . Subsequent decays of the produced particles, hadronization and the collider analysis were performed using PYTHIA. We used CTEQ5L parton distribution function (PDF) [18] for the analysis. The renormalization/factorization scale Q was chosen to be the parton level center of mass energy, Ŝ . We also kept ISR, FSR and multiple interaction on for the analysis. We have used PYCELL, the toy calorimeter simulation provided in PYTHIA, with the following criteria:
I. The calorimeter coverage is |η| < 4.5 and the segmentation is given by ∆η × ∆φ = 0.09 × 0.09 which resembles a generic LHC detector.
II. ∆R ≡ (∆η) 2 + (∆φ) 2 = 0.5 has been used in cone algorithm for jet finding.
III. p jet T,min = 20 GeV. IV. No jet matches with a hard lepton in the event.
In addition, the following set of standard kinematic cuts were incorporated throughout:
where ∆R ℓj and ∆R ℓℓ measure the lepton-jet and lepton-lepton isolation, respectively.
Events with isolated leptons, having p T ≥ 5 GeV, are taken for the final state analysis. but the ones from the Higgs decay (H → Ψ ν) can have more p T , depending on the mass difference between the Higgs and the right-handed neutrino. This results in a tail at higher p T (see Fig. 6 (left) ) and some enhancement in the p T distribution for the heavier Higgs signal around 100 GeV for the case of benchmark point 4. In comparison, for the lighter Higgs (h), the tail dies below 100 GeV as expected. A requirement of minimum p T could be a good handle to kill the leptons coming from single Z, as charged lepton pair and neutrino pair come from Z decay in mutually exclusive manner. Higher p T cut ≥ 100 GeV could be a good handle to search for the existing heavy Higgs (H), however, we use soft p T cut while looking for 125 GeV Higgs as discussed in the next section. in the case of BP4 and from the gauge boson pair background, respectively. In the case of signal, the leptons that we will be looking for, have different origin. The one coming from the right-handed neutrino can be very soft due to the small mass gap between the right-handed neutrino and the W boson. The other one coming from W decay would be of SM like. We can see from the figure that the lepton from the signal, specially for the case of the heavier Higgs (H), is as hard as 125-150 GeV. This is because for BP4 the heavier Higgs mass is 300 GeV. The decay of such a particle to the light Higgs (h) pair or gauge boson pairs or though ΨΨ or νΨ will share the momentum. Now the boosted decay products will transfer their momentum to their daughter leptons, which carry the momentum depending on the decay channels. On the other hand, the lepton coming from the light Higgs (h) decay could be of very small momentum due to the small mass difference between the Higgs and the right-handed neutrino, which decays further to a lepton and W . Thus, the lepton p T cuts, upper for the soft leptons and lower for hard leptons, will be crucial for signal event selection and reduction of the backgrounds. Fig. 7 (right) describes the electron and muon number difference. The signal events contain more electrons for the signal from the decay of the right-handed neutrino as it is assumed to couple only to one flavour, i.e, the electron. On the other hand, for the background we expect the number to be very similar for e and µ case (that is, |n e − n µ | ≪ n e + n µ ). From Fig. 7 (left and right) , we can see that the background is reduced a lot, in particular, for the case of n e − n µ . been a major background due to large cross-section but we find that this background is reducible one as it gives di-leptons without missing energy. We will also have a window cut |M ℓ,ℓ − M Z | > 5 GeV to further kill the dominant Z induced background. The tt background which is sub-dominant but still comparable to the signal event has also been implemented.
In the following two subsections, we present two sets of results. First, we discuss the hadronically quiet di-lepton scenario for inclusive flavour. Then, we address the case of lepton flavour violation, that is, y e ≫ y µ,τ (or y µ ≫ y e,τ ) for which the right-handed neutrino will decay only to eW and ν e Z (or to µW and ν µ Z).
Inclusive charged lepton signature
In this section, we discuss the flavour independent results which include both electron and muon, though we have lepton flavour violating coupling as the right-handed neutrino couples mostly to electrons, i.e., y e ≫ y µ,τ . This study is also suitable for the case of y e = y µ .
For BP1 and BP2, h → νΨ decay is closed and h dominantly decays to bb or ττ (see Table 3 ). The only contribution to 2ℓ comes from the semi-leptonic decays of b and τ .
Thus, we do not have large contribution from the light Higgs in these cases. BP2 has more events than BP1 in the final state due to the larger cross-section compared to BP1.
On the other hand, the heavier Higgs (H) can decay to νΨ with small branching fraction (< 10%) as described in Table 2 . Thus, the contributions are large enough due to large production cross-sections for the heavier Higgs in the cases of BP1 and BP2 as can be seen from Table 5 . However, in the final event counting we expect BP1 should have twice the event of BP2, as the Br(H → Ψν) ∼ 6% in the case of BP1 and which is 3% in BP2 as cane be read from Table 2. BP3 and BP4 are exactly same in terms of the lighter Higgs (h) having m h = 125 GeV and c α = 0.8. This leads to the same decay branching to νΨ, 7.3%, which results in large number of events for the final state. Also the gauge boson pairs contribute to the final states through off-shell decays of the lighter Higgs (h). In the case of the heavier Higgs (H), BP3 has the cross-section almost twice as large as BP4 (see Table 5 ), and the branching fraction to gauge boson pair is around ∼ 99% for BP3 and ∼ 36% for BP4. Unlike BP3, BP4 allows the decay H → hh with the branching fraction of 63%, which gives additional contribution to the di-lepton final state.
As we have discussed earlier, the lepton coming from the right-handed neutrino will be softer compared with that coming from W ± (see Fig. 6 ). Thus, we demand the softer lepton with p T ≤ 30 GeV and the harder lepton with p T ≥ 20 GeV. This would help to reduce the SM di-lepton backgrounds, which generically come from gauge-boson decays.
To kill the Z boson background , we reject the events with lepton invariant mass (M ℓ,ℓ ) around Z mass window, i.e., |M ℓ,ℓ − M Z | ≤ 5 GeV (defined as n Z = 0). On top of that, we also demand p
T ≤ 100 GeV and p T ≥ 30 GeV. When we look for the signal coming from 125 GeV Higgs, we demand the sum of lepton p T and p T should be less than 125
GeV. This cut will exclusively select events coming from 125 GeV Higgs. When we look for the events coming directly from heavier Higgs (H: m H = 200, 300 GeV), the cut can be modified accordingly. In summary, the selection cut used for the inclusive 2l analysis is as follows:
where M eff = (p ℓ T + p T ) and P ℓ T = p ℓ T . In Table 6 , we present all the event numbers from the signal (S) and background (B), implies that the parameter space of the inverse seesaw model can be readily probed at the LHC.
Lepton Flavour Violating signature
As mentioned earlier, much more significant search can be made if the right-handed neutrino has hierarchical Yukawa couplings and thus allows lepton flavour violation in its decay.
Let us first consider the case that the right-handed neutrino couples only to electron. A comparative study of electron and muon lepton flavour will give a vital clue about the structure of the model as it can reduce significantly the SM background.
For this study, we select each flavour state keeping all the other cuts the same as in the previous section (5.1), and present results of our analysis for each signal channel labeled as S2 : 2e ; S3 : 2µ ; S4 : 1e + 1µ ; and S5 : 2e − 2µ .
As expected, S5, corresponding to S2-S3, will give a novel signature to probe the inverse seesaw mechanism. Instead of S5, one could make an equivalent study with other lepton flavour violating final states such as 2 · S2 − S4 or 2 · S3 − S4. BP2, h → νΨ decay is not open and thus we do not have the extra contribution to the electron events in the case of the light Higgs boson (h). This is clear from Table 7 and Table 8 where the electron and muon event numbers are similar as they come from the semi-leptonic decays of the decay products of the light Higgs (h). On the other hand, the heavy Higgs (H) with m H = 125 GeV, can decay to νΨ and thus produces more electrons.
The BP1 contribution is more than BP2 due to the larger branching fraction to νΨ and the cross-section of the former.
Similar is the case with the lighter Higgs (h) contribution for BP3 and BP4 as established in Table 7 and 8. The situation for BP3 is again a little different, as the heavier
Higgs decay H → hh is not allowed and H → νΨ branching fraction is very small ∼ 0.1% (see Table 2 ). This ceases the extra electron contribution over muon for BP3. For BP4, heavier Higgs mass is 300 GeV and thus H → hh is allowed with 63% branching fraction.
The lighter Higgs thus produced will decay to the right-handed neutrino as can be read from Table 3 . Similar to the previous 2ℓ case, the complementary behaviour between the heavy and the light Higgs remains, i.e., for BP1 and BP2, it is the heavier Higgs which gives the lepton flavour violating signal generating extra electrons in the final state, whereas for BP3 and BP4, it is mainly the lighter Higgs. From Table 7 and 8, we can see that the significance for S3 is much smaller compared to S4 as expected.
For completeness, we also present the event numbers for the final state with 1e + 1µ, defined as S4. reduced a lot due to the demand of different flavour leptons in the final state. The signal significance in this case is comparable to S2 (2e) and greater than S3 (2µ).
S2 (2e) from Table 7 and S3 (2µ) from Table 8 flavour-blind decays of the gauge bosons, we expect that 2e − 2µ event number will kill the background substantially giving only the extra electrons coming from the right-handed neutrino decays. This is the artifact of the lepton flavour violating right-handed neutrino coupling: y e ≫ y µ,τ . Table 10 shows the difference in number of 2e and 2µ events (S5).
We can again see that 125 GeV Higgs, which is the heavy Higgs (H) for BP1 and BP2
and the light Higgs (h) for BP3 and BP4, decays into more electrons than muons. The negative sign shows the events with more muons than electrons. From Table 10 , we can see that 2e − 2µ signal has a high significance except for BP2 for which the signal events are overshadowed by background for both 8TeV and 14TeV LHC at an integrated luminosity of 10 fb −1 .
Based on the above results, we can get the results for the opposite case where the right-handed neutrino couples only to the muon flavour: y µ ≫ y e,τ . In this case, the signal significance drops due to the muon excess in the background: 7σ (10σ) for all points except BP2 with the 8 (14) TeV LHC which is still better than the inclusive flavour searches.
Mass measurement
Let us make a comment on the prospect of measuring the right-handed neutrino mass through the di-leptonic edge. Since we are looking for the decay chain of the right-handed neutrino; Ψ → lW → ll ′ ν ′ , the invariant mass of the final leptons gives rise to the famous di-lepton edge [19] :
As m ν ≈ 0, the measurement of the maximum di-lepton invariant mass will tell us about the value of m Ψ . Fig. 8 shows the distribution of the di-lepton invariant mass for opposite sign di-leptons from the signals only under the same cuts as used for S1. Clearly, the edge can be seen at 60
GeV. Now reconstructing W through its hadron decay mode would be crucial in detecting the decay topology. For the signal, the decay topology via W boson indicates the mass of the right-handed neutrino at 100 GeV from the Eq. (5.3) . Thus, the prescription described above not only gives a variable to get signal events over backgrounds but also results in a possibility to measure the mass of the right-handed neutrino. Analyzing the signal and background for events at 10 fb −1 of integrated luminosity, however, we find that it is very difficult to recognize the di-leptonic edge. We have to go to much higher luminosity to get a clear edge from the total distribution.
Conclusion
The inverse seesaw model introduces a tiny B − L breaking Majorana mass of the righthanded neutrino which explains the smallness of the neutrino mass. This allows rather large neutrino Yukawa couplings through which the right-handed neutrinos can be produced at the LHC. We point out that the di-lepton final state with missing energy could be a smoking gun signal probing the Higgs and the right-handed neutrino of the inverse seesaw model.
Furthermore, a novel signature of lepton flavor violation in these final states, such as the difference in the ee and µµ event numbers, may occur due to flavor-dependent neutrino Yukawa couplings. Taking the neutrino Yukawa coupling y e,µ = 0.029, which is close to the upper limit put by the lepton universality, and the right-handed neutrino mass of 100 GeV, we studied the LHC prospects to look for the inverse seesaw model in the four benchmark points. Performing a PYTHIA level simulation, it is found that the 5σ signal significance can be achieved with the integrated luminosity of 10 − 20 fb −1 for the inclusive lepton (flavour-blind) signature, and < ∼ 2 fb −1 for the flavour violating signature at the 8
TeV LHC. We also pointed out that the observation of the di-lepton edge could shed light on the right-handed neutrino mass measurement. But it turns out to be hard to see the di-leptonic edge over the background with the nominal luminosity of the LHC14.
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A. Vertices
We write down all the relevant vertices below: H −Ψ i − Ψ i : y ν i sin α sin θ + y s i cos α cos θ √ 2 P L , (A.8) 
